This paper analyses the effects of health on wages in sixteen European countries using production frontier methodology. It is assumed that workers have a potential income/productivity which basically depends on their human capital, but due to several health problems, situations could exist where workers fail to reach their potential income frontier. The estimation of a true-random-effects model allows us to conclude that the potential hourly wage of workers is significantly influenced by their level of education and their job experience. However, health problems, especially those strongly influencing work activities, contribute towards an individual not attaining the potential income which would otherwise be guaranteed by their human capital endowment. Suffering a strong limitation reduces gross wage per hour by 6.1%. This wage reduction is also observed in the case of a weak limitation, but here the wage difference with respect to workers without any limitation is 2.6%. Additionally, other factors, such as being a woman, the economic cycle or having a temporary contract, appear to distance an individual from their wage frontier.
Introduction
Since the early 70s of the last century, economists have detected evidence of the negative effect which health problems exert on workers' incomes. For example, in the case of the United States, persons with disabling health effects which influenced their work performance perceived annual income which was 37% inferior to their corresponding healthy counterparts [1] . These negative effects are related with a lower labour participation, a lower number of working hours and lower than average wages. Focusing on the aspect of wages, this supports the hypothesis that a health problem which limits the performance of a worker in a particular job, affects negatively his/her productivity in said job and hence, their working income. It is important to point out that the bad health of an individual does not always reduce their income from work, the latter only being affected by those problems which suppose a limitation in the specific task being undertaken by the worker (for example, a severe aphony may not reduce the productivity or the wages of a carpenter but yes, those of a teacher). In this sense, when analysing the impact of health problems on wages, it is necessary to have information on those illnesses that limit a worker´s performance as opposed to information regarding general health problems. As will be seen further on, this is the type of information that will be used in our study.
Furthermore, the present paper addresses the analysis of health effects on wages using methodology to estimate production frontiers. We assume that workers have a potential wage/productivity mainly dependent on their human capital. Likewise, this can be of two types: regulated training and on-the-job training. The first, relates to the individual's level of education, and the second to working experience and the type of occupation (hence, for example, an individual with university studies in engineering could be working as a qualified service-sector worker, and it is through exercising this job that he improves his productivity and obtains better wages, independent of his level of studies). We assume that the total human capital endowment of the 1 3 individual is what determines his/her potential or maximum income (wage frontier). But not everybody will reach the latter frontier. The job market presents imperfections, mobility and information barriers, which situate workers outside their potential wage frontiers. What factors determine the distance of wages to their potential value? Amongst others, it is worthwhile highlighting four types of factors. Firstly, gender, when discrimination exists. Secondly, the type of contract, when a dual labour market exists and temporary workers receive worse treatment from a contractual standpoint (workers' rights, ease of dismissal…) than those with permanent contracts. Thirdly, the economic cycle. As shown by the recent economic crisis, the excess supply of workers resulting from the fall in the demand for work has led to significant wage reductions for the most vulnerable collectives (unskilled workers in declining sectors), thereby increasing the distance of the latters' wages from their potential level. Lastly, health problems which suppose a limitation on the specific activity performed by the individual are accompanied by a drop in productivity which could also contribute to distancing wages from their potential value.
Based on the foregoing, the central objective of our research consists in estimating wage frontiers for various European countries, in tandem elaborating efficiency indices which allow measuring by how much wages really perceived differ from their potential values, thereby granting a more prominent role in the estimation to the health problems experienced by workers.
The structure of the paper is as follows. Section two develops the theoretical framework. Section three goes on to describe the database used and the frontier functions of various European countries are estimated using the data from the European Union Statistics on Income and Living Conditions (EU-SILC) for the period 2008-2011. Lastly, the fourth section summarises the principal conclusions of our research.
Theoretical framework
The seminal works of [1] [2] [3] [4] [5] analyse the relationship between health and wages focusing on two main reasons: (a) lower productivity linked to poor health; (b) workers suffering from poor health could be subject to discrimination in the form of lower wages even when they are equally productive as their fellow workers [6] . Following these papers, numerous studies have analysed and contrasted the fact that any type of health problem reduces the probability of finding employment and those that do work earn less than their healthy counterparts (see [7 or 8] for a revision of the literature).
When studying the factors that affect productivity and wages, the human capital endowment of workers serves as the fundamental element in a competitive labour market ( [9] [10] [11] [12] . Traditionally, human capital is proxied in the literature by two variables which contribute towards increasing worker productivity and consequently, wages: formal education (human capital of a general nature) and work experience (a more specific type of human capital). Formal education can be measured via a combination of fictitious variables which represent different levels of education, the hope being that wages grow in line with an increase in education. With respect to work experience, this bears a parabolic relationship with wages. That is, wages increase with work experience until reaching a maximum where they start to fall. The reason for said profile, proven in the majority of studies, is that work experience (on-the-job training) initially allows individuals to increase their productivity beyond the capabilities acquired via education. However beyond a certain age (representing a determined number of years of experience), human capital accumulates at a lesser pace to its depreciation, permitting a possible fall in workers' income. In order to contrast this hypothesis both the variable experience and its corresponding square are included in estimations, the expected sign being positive for the former and negative for the latter (the coefficient being less in the case of experience squared). But not only the years of experience serve to proxy the work training of an individual. An individual can have acquired a determined level of training, but in practice, may in fact be undertaking a task at an inferior or simply different level (a university student can work as a shop assistant or somebody trained as a bricklayer could become the manager of a small construction company). For this reason, the type of occupation undertaken by an individual (manager, professional, skilled worker…) acts as an additional proxy of their specific capital endowment.
All the variables mentioned, determine the potential productivity per worker and thus, his/her wage frontier (that is, the maximum wages obtainable given their human capital endowment). However, in practice, the wages actually received by individuals may be some distance from their potential level for a variety of reasons, linked to market imperfections (discrimination by gender or type of contract), the vagaries of the economic cycle, and health problems. In Spain, for example, various studies find wage differences in favour of workers with permanent contracts as opposed to temporary ones (see for example, [13 and 14] and males as opposed to females [15] [16] [17] [18] . In the first case, the extraordinary importance of seniority payments, both in companies (due to collective bargaining) as well as the Public Administration (based on norms related to triennials and similar pay complements), tend to increase the income of permanent workers above that of temporary workers, even though these payments are not a result of productivity differences between the former and the latter. Furthermore, the observation that men command higher wages than women is a fact generally confirmed in Europe, which supports the existence of a greater or lesser degree of wage discrimination by gender. In tandem, a sufficiently intense economic crisis such as that suffered by Europe in recent times serves to fuel a significant wage reduction for the majority of workers with respect to their potential level, due to the tensions which the high level of unemployment exerts upon the labour market.
As regards health, seminal studies [1, [3] [4] [5] , have analysed how the existence of a health problem which limits a worker's normal activity affects wages in a significant way. Hence, various studies have introduced health in the Mincer equation for the purpose of analysing its impact on wages. In this sense, [6] perform quantile regressions with information obtained from the Panel Study of Family Dynamics of Taiwan using cross-sectional data in order to construct a wage-estimated regression which contains health, education, and work experiences among others. To do this, they take self-assessed health as the proxy for health. Considering various specifications of the Mincer equation by way of OLS, probit and logit models, [20] use data for Greece in 2008, distinguishing between three types of individuals, healthy (non-impaired) people, health-impaired people with work limitations and health impaired people with no work limitations. The results indicate that wage discrimination exists against health impaired employees with both work and non-work limitations. One advantage of the data used is that it offers a wide list of personnel and professional characteristics for the individuals. Nevertheless, numerous unobservable factors can affect the level of wage such as market conditions, unions, individual unobservable skills, precision of observable skills, etc. [20] . As acknowledged by [8] , the best strategy for facing these non-observed factors is based on benefiting from the advantages of panel data. Accordingly, [21] estimate a Generalised Least Squares model with panel data from the British Household Panel Survey. To analyse the effect of self-assessed general and psychological heath on hourly wages, [22] estimates a fixed and random effects panel data model for 14 European countries using information from the European Community Household Panel (ECHP) to analyse the effects of health (self-assessed health and chronic illness) on men and women. In general, the result obtained by these articles is that the better the health of a worker, the greater his/her expected productivity and, hence, the higher his/her wage.
The objective of this paper is to contribute to the literature which analyses the effect of health on wages, by estimating a wage frontier for the Mincer equation which offers some advantages vis-à-vis the more standard wage functions. Although Mincer-type wage frontiers have already been estimated in the literature (see [19] for a revision of the literature), we propose here to introduce a health variable in order to analyse how the latter can explain why workers attain inferior wages to those that would have been obtained given their human capital endowment (potential wage). That is to say, we propose the estimation of a wage frontier which defines the maximum wages attainable by a worker given their human capital (a Mincer-type function frontier). At the same time, the proposed model incorporates a set of variables which explain the loss in productivity and wages of workers (that is, the distance to their potential wage) resulting from health problems among other factors. The identification of the determining factors of said losses in productivity poses serious challenges in terms of the model to be used [23] . Various studies such as, for example [24, 25] ), reveal that inadequate modelling can seriously affect the results obtained. More precisely, if the inefficiency is heteroscedastic and correlated with a series of exogenous variables, but it is erroneously assumed to be homoscedastic, then all the properties (parameters) of the wage function estimated are biased. The models proposed by, amongst others, [26, 27 or 28] , try to tackle this problem by allowing technical inefficiency to depend upon a series of exogenous variables which can vary over time.
To our knowledge, this is the first paper that addresses the relationship between health and wages using a frontier analysis, and as such, constitutes the main contribution of this research. Moreover, the present paper attempts to tackle the unobservable heterogeneity between workers by estimating a worker-level panel model based on the true-randomeffects model proposed by [29] for panel data.
Data and estimates

Data
The database used for the present research is from the European Union Statistics on Income and Living Conditions (EU-SILC) for the period 2008-2011 elaborated by Eurostat. This data panel offers information on work income, hours of work, personal characteristics, working and living conditions and the health of workers in different European countries. Using the panel information, we have been able to elaborate the gross wage per hour of a worker, as well as several human capital variables (levels of education, experience and type of occupation).
1 Also available is information on personal (such as gender) and work (type of contract) characteristics. With respect to health, this is measured by way of a set of three fictitious variables which reflect the degree of the health problem limiting the work activity of the individual. The three variables are: "strong lim" (which 1 3 takes value 1 if an individual indicates that he is strongly limited in an activity due to his state of health); "weak lim" (which takes value 1 if an individual indicates simply that he is limited in an activity due to his state of health); and "no limitation" (proposed as the reference category). 2 Moreover, the effect of the economic cycle is introduced using the interannual variation in GDP corresponding to the last quarter of each year for the period 2008-2011 (IVGDP). Note that this period corresponds to the worse years of the recent economic crisis. By using this variable it is possible to ascertain how the crisis affects the levels of efficiency in the labour market when wages are established (that is, how it influences the distance of the wages received by workers in relation to their potential levels). Finally, to be taken into account is the fact that the availability of panel data can serve to correct the unobservable heterogeneity of workers. In that sense, we note that this panel data is unbalanced. Some individuals are observed over 4 years in the sample, but others are observed over periods of less than 4 years. 3 All individuals in the sample remain as wage earners throughout the period. Individuals disappear from the sample at the time they go into a situation of unemployment or inactivity, because in those cases we are unable to ascertain their wages. However, the fact that they are sick is not a problem for the sample given that sick workers continue receiving sick leave payments (these amounts being included in the gross total annual remuneration of workers used to compute the wage per hour).
All of these variables are defined in Table 3 of the Appendix. Table 4 presents the descriptive statistics of the model variables for the sixteen countries considered in our research: Austria, Belgium, Denmark, Slovakia, Spain, Finland, France, Greece, Italy, Luxembourg, Norway, Poland, Portugal, United Kingdom, Romania and Sweden. Note that appreciable differences exist between the labour forces of the different European countries. For example, in terms of level of studies, the percentage of workers with university studies varies between 15.9% for Portugal and 45.8% for Finland. In general, this percentage is greater in the Northern European countries (Norway, Denmark, Sweden) than in those of the South (Greece, Italy, Portugal), with the exception of Spain which is closer to the Nordic nations. There are also significant differences in terms of the type of contract. In general, the percentage of permanent workers is around 90%; nevertheless, countries like Spain (77.9%), Poland (73.3%), Greece (75.7%) and, specially, the United Kingdom (61.9%), are notable for their high proportion of temporary workers.
With respect to state of health, the great majority of workers (about 90%), indicate that they do not suffer any health problems which limit their activity, although in countries such as Finland, Slovakia and Denmark this figure is reduced to around 80%. Finally, great differences exist with respect to the intensity of the drop in GDP, highlighting particularly the negative rates of countries like Greece, Portugal and Spain.
The estimates
As already mentioned, in this research we estimate a wage frontier for various countries following the true-randomeffects model of [29] . This model is preferred to the truefixed-effects model in the presence of panel data where as is our case, the number of individuals is relatively large compared with the length of the panel. Specifically, a parametric stochastic frontier model will be used. 4 The stochastic frontier assumes that the deviation between observed and potential wage has two components: a symmetrical error term which captures the effect of variables which are not controlled by the individuals, measurement errors and/or other statistical noise; and a second term which is assumed to capture the degree of inefficiency, situating a worker below their potential frontier and because of this it is necessary to specify an asymmetrical distribution for this second error term.
In particular, the Mincer wage frontier will be defined as a function which relates wage to the human capital of workers:
where W is gross wage per hour; i represents individuals and t time (t = 2008…2011); D ed , D oc and D t are dummies for education, occupation and time respectively; and Ex is work experience. Lastly, u represents the distance to the frontier which follows the distribution u it ≈ N + (0, σ u 2 ); and v it is the random disturbance term which follows the distribution (1) is the function to be estimated. Additionally, in this study we propose the application of the model
developed by [24, 26, 30] , where the error component u it follows a normal distribution with a mean equal to 0 and a variance σ u 2 , the latter depending on a series of explanatory variables represented by the vector z. That is: where δ is a vector of the coefficients of the variables to be estimated. This specification permits modelling a nonconstant variance error (with heteroscedasticity) as a function of a set of socio-economic variables which explain the distance to the wage frontier. More precisely, in our research the variables that are characterised by vector z are: gender, type of contract (temporary or permanent); economic cycle and health limitations.
Given the heterogeneity among the different countries, we estimate a wage equation frontier separately for each country in order to capture, in the best possible way, the process of generating wages of each one. However, as far as the effect of health status on wages is concerned, there may be regulations about sick leave payments that affect workers differently according to their occupation, type of company, etc. The key question here is that those factors are mainly unobserved or difficult to measure. This would imply that the estimation of wage equations may suffer from omitted variables, leading to a potential bias. However, these specific characteristics of workers, even if they are unobserved, do not pose an econometric problem for our model, since the methodology we apply (a panel data at individual level using the Greene true-random-effects model), allows us to capture unobservable heterogeneity at an individual (worker) level.
To summarise, the present study proposes the estimation of the system of equations represented by (1) and (2), which will jointly resolve the objective of approximating the potential wage of each individual given their human capital and explaining the difference between said wage potential and that really being received (distance to the wage frontier). Once Eqs. (1) and (2) have been estimated, this distance is calculated through the so-called Technical Efficiency Indices (TE) by way of the following expression:
In this way, we guarantee that (0 < ET ≤ 1). Thus, if ET takes the value of 1 the individual will be situated on his/ her wage frontier, whilst if it achieves a value less than 1 this will imply that his/her wage is inferior to the potential wage, given the human capital endowment. The further away index ET is from the value unity, the greater the distance of the worker from his/her frontier (for more details, see for example, [23] ).
The results of our estimates are shown in Tables 1 and 2 . In general, the coefficients of the explanatory variables are statistically significant and bear the expected sign. Starting with the estimation of the frontier function which shows
the effect of the human capital variables on the wage logarithm, as expected work experience has a parabolic effect on wages for nearly all the countries (a positive coefficient and with a negative and lesser absolute value coefficient for experience squared). 5 On the other hand, we also observe that, in general, wages increase in line with the increase in studies ("primary or less" being the reference category). In nearly all the countries, the greatest increase in wages with respect to the reference category is achieved by an individual with university studies (with the exception of Finland, where the greatest positive effect corresponds to post-secondary non-university studies). With respect to the type of occupation, we also see that wages increase (compared to the reference category of "unskilled" work), for all of the remaining categories (with some exceptions, for example, skilled agricultural workers in Spain, Italy, Austria and France who earn an inferior wage). 6 In the estimation of the frontier we have also controlled for the year of each observation via a set of dummy variables (the reference category is the "year 2008"). It is worth noting that, despite the intensity of the crisis that commenced in 2008, some countries experienced a progressive increase in real wages (in constant prices) until 2010 (Spain and Luxembourg) or 2011 (Denmark and Slovakia). 7 Nevertheless, real wages did not significantly increase in Austria; seeing a reduction over the whole period 2009-2011 in Finland, France, Greece and the United Kingdom (countries whose labour markets reacted more quickly to the drop in demand generated by the crisis). In other cases, wage adjustment occurs only during 2 years (Poland) or during only one (Belgium, Italy, Norway, Portugal, Sweden and Romania). 8 In general, we conclude that the wage frontier is explained by the effect of the variables which represent the human capital of individuals. Nevertheless, labour market imperfections prevent workers from obtaining the potential wages which guarantee their training. The results of the model (Eq. 2) indicate that being a man and holding a permanent contract are factors which contribute to reducing the distance with respect to the frontier in nearly all the countries (women with temporary contracts earn less than their potential wage). 9 Both results reflect the existence of discrimination processes in the labour market. On the other hand, in some countries the reductions in the rate of growth of GDP observed for the period 2008-2011 have contributed towards increasing the distance between the wages perceived with respect to potential ones (the negative sign for the variable IVGDP). In other words, the crisis has led to an increase in the inefficiency of the labour market in those countries which have suffered most (as in Spain, Portugal and Greece). 10 Nevertheless, in the United Kingdom, Denmark, Finland, Slovakia and Norway no effect is observed (the variable IVGDP is not statistically significant), and even in countries like Sweden, Italy, Romania, Luxembourg and France, this variable presents a positive sign.
As regards our main objective, the effect of health limitations on wages, the distance between perceived wage and the frontier increases significantly when the worker suffers health problems which limit in either a strong or a weak way their work activity (the reference category is that without limitations). In the majority of countries, the effect of strong limitations is greater than in the case of weak limitations (Spain, Belgium, Norway and Portugal). In other cases, only strong limitations appear relevant, but not the weak ones (the United Kingdom, Sweden, France and Poland); or the weak ones as opposed to the strong ones (Greece). 11 Finally, a group of countries exist where these limitations are not statistically significant (in the case of Finland, Denmark, Austria, Italy, Luxembourg and Romania). Table 2 shows the technical efficiency indices, TE, obtained via Eq. (3). The mean of these indices for the sixteen countries analysed is 0.78, that is, on average workers are receiving 78% of their potential gross wage per hour and, therefore, given their human capital, they could obtain 22% more remuneration. By gender, male wages are systematically greater than females in all the countries analysed. On average, men are 19 percentage points below their potential wage whereas for women said difference increases to 26%. Hence, the wage differential by gender is 7%. Moreover, significant differences exist in wages depending on whether or not the contract is permanent or temporary. Systematically and as already mentioned in the analysis of the Mincer equation estimated, workers with a permanent contract earn more than those on a temporary contract, namely, 17% more.
As regards the relationship between health and wages, workers with no type of limitation earn 78.2% of their potential wage whereas with a strong limitation this percentage is reduced to 72.1%. Therefore, suffering a strong limitation reduces gross wage per hour by 6.1%. This wage reduction is also observed in the case of a weak limitation, but here the wage difference with respect to the reference group (those without any limitation) is 2.6%.
If we undertake an analysis by countries, Denmark and UK are the countries that, on average, are closer to their potential salary. For these countries, if we analyse the situation of workers who have some type of limitation in terms of work performance, we see that the differences are not very high with respect to those that do not have any health limitation. Thus, workers with a strong limitation in Denmark earn 1.2% less than healthy workers. This difference is reduced to 0.5% for workers with a weak limitation. A similar situation can be observed for the UK. The workers earn 5.3 and 1.6% less if they have a strong and weak limitation respectively. However, the results are different if we analyse the countries where workers are farthest away from their potential salary, in our sample Norway, Sweden and Poland. In this case, it is observed that, in general terms, workers who have health limitations that affect their work activity are far more distant from their potential salary than those who do not have health limitations. For example, workers with strong health constraints in Norway, Sweden and Poland earn 17.8, 10.9 and 7.2%, less respectively, than those without such limitations, while weak-limit workers earn 7.3, 2.8 and 3.4%, respectively.
In summary, from the analysis carried out in this research, we deduce that the limitations for the performance of labour activities seem to affect wages negatively in most of the countries analyzed, and that this effect is larger the greater the limitation.
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Conclusions
The model used in this research has allowed us to analyse the differences in wages/productivity resulting from the different human capital endowments of the workers of various European countries, at the same time helping to explain the losses in wages (inefficiency) of the workers as a function of several personal and relevant job characteristics. With this aim in mind, we have estimated a wage equation frontier separately for each country to capture, in the best possible way, the process of wage generation of each one. Moreover, and in order to control for those factors unobserved or difficult to measure, we have used panel data at worker level using the Greene true-random-effects model that allows us to capture unobservable heterogeneity at an individual level.
The results indicate that the potential wage per hour of workers (their wage frontier) is significantly and positively influenced by their educational level and displays a parabolic relationship in terms of the number of years of work experience (the relationship bearing an inverted U form). These results, consistent with traditional theory, are confirmed for nearly all the countries analysed. Furthermore, the model estimated allows us to analyze the factors influencing the fact that workers do not attain their potential wage given their human capital endowment. The results indicate that certain characteristics, such as being a woman or possessing a temporary contract, distance an individual from their wage frontier. On the other hand, the recent economic crisis has increased the inefficiency of the wage-setting mechanism in some countries, particularly those of Southern Europe (Spain, Greece and Portugal). That is, the falls in GDP in these countries have resulted in significant increases in the distances between perceived wages as compared to their potential values.
We have considered the influence of workers' health problems in achieving or not their potential wages. According to the technical efficiency indexes calculated and for all the countries analyzed, the workers suffering from some type of limitation motivated by health issues (both strong and weak), attain lower wages than they would otherwise have obtained, ceteris paribus, in the absence of said limitation. More precisely, having a weak limitation for the purpose of undertaking work implies (on average) a wage which is 2.6% lower than that obtained by a worker not suffering any kind of limitation. In the case of workers suffering from a strong limitation, the loss in potential wage increases to 6.1%. That is to say, health limitations to work activity contribute, ceteris paribus, towards an individual not attaining the potential wages guaranteed by his/her human capital endowment. Moreover, the results also show that in those countries where the difference between potential and observed wages is generally greater, workers' wages are the most affected by health limitation issues.
In conclusion, and although in quantative terms the factors which distance individuals from their potential wage in the most significant way are related to gender discrimination (being a woman reduces potential wage by 7% compared to men) and with the type of contract (temporary workers earn on average 17% less tan permanent staff), health problems are also relevant when explaining wage differences and, thus, they need to be taken into account when analyzing the latter.
The results obtained can have important implications in terms of economic policy. Without doubt, governments should continue fighting towards maximizing the reduction in gender discrimination as well as trying to regulate those contract types which cause temporary workers to be penalized excessively at remuneration levels when compared with permanent staff, all of this with a view to obtaining an optimum wage-setting mechanism. But in order, to fully achieve this objective, we have also seen that they need to take into consideration the implications of health policies particularly as regards labour markets. In other words, the health problems of the population end up affecting wages, thereby contributing towards more pronounced inefficiencies in the labour market. Promoting health prevention campaigns for the most incapacitating illnesses, the implementation of more resources in companies to guarantee better health and work security, will serve to contribute towards, not only, a better level of general health for the population, but also the generation of a more efficient wage-setting mechanism. Dummy variable which takes value 1 if the individual has health problems which strongly limit his/her professional activity for at least 6 months (including chronic illness) and 0 in the remaining cases Weak lim Dummy variable which takes value 1 if the individual has health problems which weakly limit his/her professional activity for at least 6 months (including chronic illness) and 0 in the remaining cases No limitation Dummy variable which takes value 1 if the individual has no health problems which limit his/her professional activity or they do not answer this question and 0 in the remaining cases 
